The heritability of fitness-related traits remains an area of contention in evolutionary biology: despite theoretical arguments for little additive genetic variance in fitness-related traits, significant heritabilities in secondary sexual traits are an increasingly reported phenomenon. Some evidence suggests that fluctuating asymmetry (FA) in secondary sexual traits may reflect the genetic quality of the trait bearer. Consequently, females in search of 'good genes' should pay attention to ornament symmetry. If FA does reflect genetic quality which females can assess, an additive genetic component would be expected. Using sib analysis, we found that the length of the sexually selected forceps of male European earwigs (Forficula auricularia) have significant levels of additive genetic variance. However, using both sib analysis and an estimate derived from the genetic and phenotypic correlations of the left and right sides, we found no evidence for additive genetic variance in forceps FA. These results thus provide evidence that female preferences for exaggerated secondary sexual traits can influence trait expression in offspring.
Introduction
Where females derive no direct benefit from mating with particular males, mate choice is thought to have evolved through the genetic benefit derived by the females' offspring (Andersson, 1994) . Indeed, a growing body of empirical evidence suggests that the characteristics of males that females are choosing reflect genetic quality (Andersson, 1994) . Implicit in such a mechanism is the heritability of the beneficial characteristics that are subject to female choice (Kirkpatrick & Ryan, 1991) . The heritability of fitness is, however, an area of some controversy (Burt, 1995) . Traits associated with fitness are likely to be subject to strong directional selection, so that alleles coding for their expression are expected to spread rapidly throughout a population, thereby reducing additive genetic variance (Falconer & Mackay, 1996) . A number of studies have shown that some sexually selected traits that are associated with increased fitness do have high and significant heritabilities (Pomiankowski & Møller, 1995) .
Furthermore, recent studies have suggested that in secondary sexual traits the proportion of total phenotypic variance that is additive genetic may be greater than for traits subject to stabilizing selection (Pomiankowski & Møller, 1995; Day et al., 1996) . The mechanisms by which heritability might be maintained in these traits have been discussed by a number of authors (Pomiankowski & Møller, 1995; Rowe & Houle, 1996) .
Fluctuating asymmetry (FA) in secondary sexual traits is thought to reflect reliably the developmental stability, and hence the genetic quality, of individual males within a population (Møller, 1990) . Møller (1990) has proposed that by paying attention to asymmetries in the secondary sexual traits of males, females might be able to bias their mate choice decisions towards males with good genes. In support of this hypothesis, female preferences have been found to correlate with aspects of male symmetry in some taxa (Møller & Thornhill, 1998) . However, other studies have shown that symmetry does not influence female choice (Jennions, 1998; Tomkins & Simmons, 1998) .
Of particular importance to the understanding of the role of FA in sexual selection is its heritability: if FA does reflect genetic quality, the so-called 'good genes' that are associated with developmental stability should be carried to offspring and FA should be heritable. Alternatively, low heritability of FA would suggest that FA in secondary sexual traits does not have an additive genetic component and is therefore a poor mate choice cue for females in search of 'good genes'.
There have been a number of significant heritabilities reported for FA in the context of sexual selection. Thornhill & Sauer (1992) report high heritabilities for wing asymmetries in the scorpion fly Panorpa japonica and Møller (1994) reports significant heritability of tail streamer asymmetry in the barn swallow Hirundo rustica, perhaps giving the reason behind the finding that females in these two species prefer symmetrical males. Møller (1996) has also reported significant heritability of floral FA in Epilobium angustifolium, a species in which floral symmetry is associated with more frequent visits by the principal pollinator Bombus terrestris (Møller, 1995) . Contrary to these significant heritabilities, Eggert & Sakaluk (1994) found no additive genetic variance in two measures of asymmetry in the sexually selected wings of the decorated cricket Gryllodes sigillatus. Controversy currently rages over whether developmental stability is in general a heritable trait. Møller & Thornhill (1997) conducted a meta-analysis of 34 studies of 17 species and found that the average weighted effect size for heritability was significantly different from zero. However, this analysis has been strongly criticized by a number of authors, who claim that Møller & Thornhill's analysis is inappropriate or in some other way flawed (see commentaries that follow Møller & Thornhill (1997) in the same issue).
In the European earwig, Forficula auricularia, forceps are sexually dimorphic. Male forceps are secondary sexual traits and are under directional selection from female choice (Tomkins & Simmons, 1998) . However, although females prefer longer forceps they do not show any preference for more symmetrical forceps (Tomkins & Simmons, 1998) . This female disregard for the symmetry of male forceps may arise if forceps FA does not reliably indicate male quality (Tomkins & Simmons, 1995 , 1998 . The extent to which male body size, forceps size and forceps asymmetry are heritable is the subject of this paper.
Materials and methods
Approximately 30 male and 30 female earwigs were collected from Umbria in Italy in 1994. These earwigs were maintained in a population cage and allowed to mate. Offspring from the field-collected adults were reared in pairs in 50 mm diameter Petri dishes and were provided ad libitum with a pollen/ fish flake mix and water. The F 1 laboratory-reared earwigs provided the sires for the heritability experiment. The F 1 had a distribution of forceps lengths and pronotum widths to the left of the field-caught individuals, indicating that they were nutritionally stressed (Fig. 1) . Increased stress in laboratoryreared generations will promote the expression of subtle asymmetries that might otherwise be masked in earwigs reared under ideal conditions. The pronotum widths and left and right forceps lengths of adult males and females were measured under a binocular microscope, and forceps FA was calculated. Thirty sires were chosen from the F 1 population ( Fig. 1) to cover the range of available pronotum widths and to represent the extremes of forceps length for each pronotum width; this procedure increases the precision of heritability estimates (Falconer & Mackay, 1996) . Sires were predominantly from the brachylabic morph (forceps 6 mm), because of rarity of macrolabic males ( Fig. 1) . Each male was paired in succession with four virgin females. The four females were siblings, but were unrelated to the male, or the females paired to any other male. Nesting chambers were made by half filling 10 cm diameter flowerpots with moist 50:50 sand and potting compost. A depression 1 cm deep and 2 1 cm wide was made in the centre of the compacted soil and a blacked-out Petri dish lid was placed over the depression. A 10 cm diameter Petri dish lid or base was placed inside the flowerpot neck to prevent the earwigs from escaping.
To ensure that each female had been mated by the male, females were kept singly with the male in a Petri dish for one week each. Subsequently males were rotated weekly among their females to ensure that females had freshly inseminated sperm at the time of fertilization. The flowerpots containing earwigs were placed in an unheated greenhouse over the winter. Each pot was moistened weekly and checked for eggs. Pollen granules were provided in warm weather when the earwigs were active.
Flowerpots containing females with eggs were placed in an insectary at 15°C with a 12:12 light:dark cycle. Flowerpots in the insectary were kept moist and after 20 days were checked daily for hatched nymphs.
First-instar nymphs were tended by their mother for the first week after hatching and then transferred to 50 mm diameter Petri dishes. Eight nymphs were placed into each Petri dish, and were provided with fish flake and water ad libitum. These conditions lead to 34% mortality and a distribution of forceps lengths and pronotum widths to the left of the fieldcollected individuals, indicating the relatively high levels of stress in the offspring population; such levels are expected to promote the expression of developmental instability. Pronotum and left and right forceps lengths of adult males were measured after adult eclosion.
The forceps of F. auricularia are known to show fluctuating asymmetry (Tomkins & Simmons, 1995 . Fluctuating asymmetry was tested for in the largest sample available, which was for the offspring from the experiment. The mean right-minus-left asymmetry in the forceps of the offspring did not differ from zero (mean = 0.001<0.005, t 305 = 0.244, NS) and although there was significant kurtosis (1.844<0.28, n = 306, t = 6.586, P0.0001) the distribution of asymmetries was not significantly skewed (0.215<0.14, n = 306, t = 1.53, NS). The repeatability of forceps length asymmetry was calculated from the independent measurements of two observers (Tomkins & Simmons, 1995 Tomkins & Simmons, 1995) . Measurement error, calculated as the proportion of total variation in FA that is found in the within-individual repeated measures, was also low (8.16%). The absolute RL values of FA were used in the parent-offspring regression and sib analysis.
Results

Sib analysis
The heritabilities and variance components for the pronotum width and forceps traits in this experiment were estimated using sib analysis. Unequal numbers of offspring and of dams per sire were controlled for by using mean values (Falconer & Mackay, 1996) . The sib analysis revealed significant variance attributable to dams but not sires in pronotum width. For mean forceps length and forceps FA there were no significant dam effects (Table 1) . Following the procedures outlined in Underwood (1997) , the sums of squares of dams within sires and of progeny were pooled and used in a more powerful post hoc test. Using pooled mean squares revealed significant variance attributable to sires in forceps length (F 21,210 = 2.29, P = 0.0016) but no significant variance attributable to sires in FA (F 21,210 = 0.409, NS). The sib analysis was conducted using the JMP statistical software. We used the power analysis procedures to determine the power with which we could reject the notion of significant additive genetic variance in forceps FA. The recent meta-analysis of Møller & Thornhill (1997) found the mean effect size of FA heritability to be 0.19. The observational variances were derived from the sib analysis, and heritability estimates were calculated from those variances (Table 2) (Falconer & Mackay, 1996) . Note that heritability estimates, their standard errors (Roff, 1997) and causal components of variance (Table 3) were corrected for the experimental design of paternal half-sibs plus single first-cousins (dams full-sibs) (Eisen, 1967) . For pronotum width, the variance attributable to dams was greater than that to sires, which suggests that there is either a dominance effect or an effect of common environment (Falconer & Mackay, 1996) . The effect of common environment is more likely, because all of the offspring from a single dam were reared together in only one or two Petri dishes. Moreover, the parental care provided by the female in the first week after hatching may have increased this effect. The causal components of variance (Table 3 ) have been calculated assuming that dominance variance = 0 (Falconer & Mackay, 1996) : the breeding design adopted reduces dominance effects by pairing sib females with a single male (Eisen, 1967; Becker, 1984) . The effect of common environment (V EC ), which is composed of both maternal and dominance variance, is low for both forceps length and asymmetry (Table 3) . However, V EC accounts for a large proportion of the total variance in pronotum width (Table 3 ) and the estimated heritability for dam pronotum width may therefore be inflated (Falconer & Mackay, 1996) .
From the half-sib analysis we have established that sires contribute significantly to the variance in their offspring's forceps length. Consequently, because h 2 = V A /V P , additive genetic variance in forceps length gives rise to the heritabilities for forceps length (Table 2 ). The heritability of pronotum width may be elevated because of V EC . However, because the variance in forceps FA is entirely caused by the variance within sibs (i.e. variation which is not because of relatedness or the common environment), FA appears to arise at random and forceps FA is not heritable (Tables 2  and 4 ). The coefficient of additive genetic variance (CV A ), has been proposed as an appropriate measure for comparing the additive genetic variance between taxa (Houle, 1992) ; for pronotum width CV A = 1.557 (mean pronotum width = 2.028 mm) and for forceps CV A = 5.075 (mean forceps length = 4.978 mm). CV A was not calculated for forceps FA because the additive genetic variance was negative.
FA and genetic and phenotypic correlations between left and right sides
In addition to the estimation of the heritability of FA by sib analysis, a second method was employed. This method is specific to the estimation of FA heritabilities and uses the additive genetic correlation and phenotypic correlations between left and right sides (Roff, 1997) . Essentially, the greater the genetic correlation (r A ) between the lengths of left and right sides of a trait, the smaller will be the heritability of FA (Roff, 1997) . Following the procedures set out in Roff (1997) , the heritability of FA was estimated to be h 2 FA = 0.145 (r A (sires anddams) = 1.0287; r P = 0.9648; h 2 (left and right) = 0.177).
Parent-offspring regression
The design of this heritability experiment (parental full-sibs plus single first-cousins (dams full-sibs), precludes the calculation of heritability from parentoffspring regression. Nevertheless, the phenotypic relationships between sires and the mean offspring values (weighted according to Kempthorne & Tandon, 1953) were significant for both forceps length (F 1,20 = 6.19, P0.05, b = 0.314<0.13) (Fig. 2) and pronotum width (F 1,20 = 3.37, P = 0.08, b = 0.128<0.07). There was no relation between absolute RL forceps FA in sires and in their sons (F 1,20 = 0.023, NS, b = 0.013<0.17). Our sib analysis shows that the relation between forceps length in fathers and sons is generated in part by additive genetic variance.
Discussion
Several factors may have influenced the heritability estimates reported here. Laboratory studies have been considered to overestimate the natural heritabilities from the field, because of the increased environmental variance in the field and the novel environment of the laboratory (Falconer & Mackay, 1996; Weigensberg & Roff, 1996) . However, a recent comparative study of laboratory and field heritabilities concluded that laboratory estimates do provide a realistic estimate of the magnitude and significance of heritabilities in the field (Weigensberg & Roff, 1996) . The offspring were not reared at the same density as their fathers, nevertheless density has been found not to affect pronotum width, forceps length, or FA in other studies of this species (J.L.T., unpubl. data) Although there was a strong effect of common environment, which appears to have increased the heritability estimate of pronotum width attributable to dams, the common 
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Design is paternal-half-sibs plus single first-cousins (dams full-sibs). Hence, V P = environmental effect on forceps length was small. The variance in forceps length (and heritability) attributable to dams is therefore likely to be a robust estimate. The heritabilities for forceps length are of a similar magnitude to those reported elsewhere in the literature for secondary sexual traits (Pomiankowski & Møller, 1995) . Indeed, contrary to the theoretical expectation for low additive genetic variance of fitness characters (Fisher, 1958) , Pomiankowski & Møller (1995) have found from the literature that secondary sexual traits have significantly higher coefficients of additive genetic variation (CV A ) than nonsexually selected traits. Day et al. (1996) recently found empirical support for Pomiankowski & Møller's (1995) study, demonstrating that in the seaweed fly Coelopa frigida the CV A of wing length, a sexually selected trait, was greater in males than in females. Our study shows the same pattern, with a higher CV A for the sexually selected forceps than for pronotum width. Nevertheless the validity of such comparisons rests on the assumption that different traits scale equally with body size (Roff, 1997) . This is almost certainly not the case for sexually and nonsexually selected traits , and references therein).
The widespread evidence for genetic variation in fitness-related traits has generated a number of hypotheses for its maintenance (Pomiankowski & Møller, 1995; Rowe & Houle, 1996) . In earwigs, mutation or other phenomena, such as a negative pleiotropy associated with the production of large forceps, may maintain genetic variance. For example, Arnqvist (1994) has demonstrated a sizerelated cost to the production of sexually selected genital claspers in the water strider (Gerris odontogaster): male water striders with large genital claspers took longer to eclose during the final moult than males with smaller claspers, and at high densities, in particular, moult duration correlated positively with the probability of being cannibalized. Pomiankowski & Møller (1995) suggested that if fitness increases at a greater than linear rate with respect to trait exaggeration, genetic variance might be maintained by the increased number of loci or increased contribution of loci that the favoured increase in phenotypic variation would produce. This model has been criticized for its reliance upon net directional selection on secondary sexual traits which may not exist when traits have reached their naturally selected optima (Rowe & Houle, 1996) . Rowe & Houle (1996) proposed that the source of additive genetic variation is the additive genetic variation of condition. Their assumptions were only that condition-dependence of traits evolves and that many loci affect condition, the result of which was that condition-dependent traits 'capture' some of the genetic variance of condition (Rowe & Houle, 1996) . Whether the maintenance of additive genetic variance in secondary sexual traits such as earwig forceps results from local phenomena such as migration, species-specific effects such as negative pleiotropy, or from an underlying genetic association between trait and condition, remains to be tested.
The additive genetic component of FA in earwig forceps appears to be very low, suggesting that forceps FA may not reflect male genotypic quality. Further support for the latter conclusion comes from the lack of negative relationships between forceps size and symmetry in the Dermaptera (Tomkins & Simmons, 1995) , and the equally high levels of asymmetry in males of both morphs .
Variation in FA that is indicative of male quality might only be expected when populations are reared under conditions that challenge homeostatic mechanisms. Both sire and offspring populations were stressed, as indicated by the reduced size of forceps and 34% mortality in nymphs. Thus any heritable variation in developmental stability should have been readily observable. A lack of additive genetic variation in forceps FA would perhaps be more surprising if female earwigs actively chose males on the basis of their forceps FA. However, females choose males with long forceps regardless of their symmetry (Tomkins & Simmons, 1998) .
The recent meta-analysis by Møller & Thornhill (1997) , stimulated much debate concerning the general heritability of developmental instability (see commentaries that follow Møller & Thornhill (1997) in the same issue). Here we cannot draw conclusions regarding the heritability of overall developmental stability in earwigs. Rather, we are concerned with the specific hypothesis that heritability of FA in a secondary sexual trait can provide indirect benefits to offspring via female choice. We find no evidence for this hypothesis. In general, Whitlock (1996) has demonstrated that FA in a single trait should provide a poor indication of any underlying genetic variance in developmental stability.
In conclusion, female F. auricularia have been demonstrated to choose males with long or relatively long forceps (Tomkins & Simmons, 1998) . Females that exercise this choice are more likely to have male offspring with large forceps, making their sons preferred as mates and also more successful in competition compared to the sons of females that mate at random. Our studies of sexual selection on earwig forceps add to the growing number of taxa in which FA plays no role in sexual signalling.
